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A Solar Thermophotovoltaic Electric Generator for
Remote Power Applications

1. Proje_c_t_Sum_ma_ry.

]'he goal of the this SBIR project is to develop a technology 1o enable hi_h-efl_cicacy

solar thermophotovoltaic ISTP\'_ cner,_" conversion. All Phase [ tcclalic_tl objectives wcr,:

successfully 1net or surpassed We demonstrated TPV c,erb'y.' conversion by de\eloping

converters consisting of m"c-carth-ck_ped .yttrium ;aluminum garnet (YAG) and Imetium yttri'.]m

altaninum garnet d.u.YAG_ _lc'ctiv¢ cmitter_ and a blackbody emitter, band_ss infrared dR)

reflector filters, and lnGaAs photo'_oltaic tP\:_ cells, lhe P\' ,,:elts \xere _'_a'_ via orga::omctallic

vapor phase epitax.', _OMVPE). The opcratit|g tem,_rature ofth(, heat sour,:e w:,s 1 700 K.

STPV conx erter et"fi_:iencies apl_r_'_aching 3(1",,. as xxetl as electnc,i1 output pox,.cr densities

ne_tr 2 W 'ct_): were demonstrated. Speci_cail._. x_e accomplished the :bllowing:

i.

6..

_°

.

nac'a.gtn-ed the Sl_.'cLr-al enfitt,tnc¢ of Ho-dop,:'d and Kr-dopcd Y-_,G, as well

rm-dopcd I u.YAt; selecti" e emitters

de_ib'ned, acquired, m_cl tested _ndpass filters _on sa?phire_ g id'| cutoff

'wavelen_ahs at 2.0 and 2.2 Inn

/hbricate,.t PV cells xxith energ._ bandgaps ',Eg) it1 t_,c range ,',t"(LS1 to 0.69 eV b.v

gr_v, ing lnGaAs ,m InP substrates by OMVPE

investigated the ¢lTect of I'|.vdrogen p;)ssix'ation on lhe perlbn_ance of lattice-
mismateaed InGaA.s on lnP

exten_isel._ im'es,,i_.01ed and found a .,,uitable t¢cb.no_.ogy lot an Sl'PV thermal

storage receixer emitter unit

demonstrated r_.'ceivcr operating ten|perature_ in exce.¢,,,_of 15_S) K for a Stifling

solar conce,tr,_tor dish k_atc,_ a_ the solar te_ting facilities of .X.[cl_anncll Doul/l,'ts
Aerospace

demonstrated a 1I)V conxerlcr efficienc.v of 11.4°o for a convener consisting of a

l lo-dopcd YAG sc[ccti_ e emitter, a ba,dpass IR reflector filter, and a PV cell with

l-g:O.51 c_'. rh¢ electrical output posver dc,siry tbr this converter was
0._9 W¢m"



8.

9°

10.

demonstrated a TPV converter efficiency of 16.2% for a converter consi_ng of a

Tm-dc_pcd Lu, YAG selective emitter, a bandpas._lR reflector filter, a,)d a PV cell

_ith Eg._.O_57 eV. The ck.'ctrical output po_,er density for this converter was
0.44 W,'cm"

demonstrated a TPV convener effici_.mcy of 29.0% for a converter consisting of an

F.r-dt_d YAG selective emitter, a bandpa._'iR reflector filter, and a PV cell _,dth

Eg=O.69 e_'. The electrical output power density tbr this converter was
0.78 W;cm"

demonstrated a TPV ¢orxerter efl_cienc._ of 26.9% for a conx'ener consi.,aing of a

blackIx_d.v emitter, a bandpass,'lR reflector filter, and a PV cell x_ith E_:0.69 eV.
The c:¢ctrical output pox_er density for this com'ertcr v,us I .'_4 W.'¢m'.

rhe following conclusions may be drawn from our re,arch:

.

"_°

Practical high..cflicienc._, high output po_er densi_" converters can be realized for

STPV applications.

Althoagh the center of the emission peak for the lm-dolx_d Lu.YAG sch.-ctive

emitter ,,xus n'_._t optin_dl._ matclled to the blackhxl.v spectral irradi,'mce cun'c to

rroducc the highest output poxser at 1700 K. the converter ssith the Er-doped

Y.\G ._lectwe emitter produced a .,ignificlmtl.v higher output power density (_d

et'ficienc.,.). This \va.,_ mainly duc tt, the fact that the perfornaance of the PV cell in

the latter converter (Fg--0.6o cV_ x_as significatatl.,, bet_er than the perlbrmance of

the cell in the former converter _E_._.._7 eV 1.

Since existing selective emitters have radiative clt_cien¢it_ in the 20.-30% rang.e.

adclitional filtering elements are nt._ded ':o achieve high con_, erter efficienci_-,_. "l'he

comb:.nation of a sdectixe emitter and a filter, however, result.,, in _lat_vely 'ow

output I_acr densities qi.e.. ,: ! W.k-m"L

The filtered blackbod3-lxas,:d converler, on the other hand, exhibit._ a tfigh output

po,,sc-dcnsit3.' {-2 W cna"J. ',_hile maintai.aing a high elSicien_ _26.9°0L

l:urthermorc, the _adiation recycling effi_:iency of this convcrtcr, duc to filtering, is

expected to bc far better than _[ectix'e emitter-based cons erred.

Based on the above conclusions, the propoaed srpv proto_pes planned for the Phase II

contract _sill b e b,ailt '._,ith filtered blackl'x'_d.v-ba._d TPV converters.



2. Background

Remote power generation is an imlx, nam technolob_ for space-based missions, military
ground operations, and operations other tJ_'_ ,,_. such as ddb,_rin_ humanitarian and

pea_eke_ping aid to underdeveloped countries. Currently. thermopile_, fueled by radioisotope

heat sources, arc used for c_p-space explormlk, n. NASA desires to absndon this technology.

however, because oflhe perceived envfironmen_ threat. In mililar_., and humanitarian operations.

thennion!c or diesel generators are used to providc power. l'hermionic gencratms are inefficient

and costly to operate. Particularly w_en the cost of transporting fuel is high. the u_ of

thcrmionic generators results in yew expensive power. Currently the Air Force spends upwards

of $175,000 annually to delixer 60 W of poxver to remote sensing outposts in Alaska. for

example. Diesel _nerators are efficient, b_t are hea_. noisy, polluting, and consuming of

_lexvablc energy,'.In addition, they r_luire constant maintenan_ and are _'pically not

Inactical wken a degn.,e of mohi'.i_- is required, as is sometimes the c,'tse in humanitarian and

peacekeeping missions.

l'hermophotovoitaie energy conversion (I'PV_ is a t_hnolo_" well-suited tbr the

development of highly-efticient, co',apact, and reliable .,_-_urces of electricity. In TPV energy

conversion, heat is fn'st converted to radiant ene_' by a .selective emitter, then to electrical

eno,gy by a photovohaic (PV) cell. For optimal efficiency, the PV col: must have a narrower

bandgap than the traditional Si and (_aAs cells used for converticg the _lar .,_cwum. Currently.

TPV systems ate under development, b.,, us ned others, utilizing radioisotope _md gaseous or

liquid combustion heat sources. These approaches have their drdwbacks, im'luding (!) the

environmental hazard of nuclear materials. ,:2) the production of NOx emissions. (3_ the

consumption of nonrenesvable energy. (4_ a limited duration of po_ver prLxtuction, tS) the

production of soot. which potentially d_radcs system pertbrmance, and {6_ the need tbr

extensive advances in combustor ':ethnology to achiex c safe. reliable, and compact heat sources.

Solar therrnophoto,,oltaic ('I'PV) I_+wcr i_eneration uses cor_et)t_Lted stmlight as the heat
source for IPV com, ersion. The sun is concentrated and used to heat a thermal absorber.

"1"hernial radiation, and not the _l+tr spectrum, is then converted, to electric/t). _,ith a narrow

bm,,dgap PV cell. This concept I'ms been pioneered at McOolnell r)ot_las Aerospace. vrho trove

shown that solar-heated TPV has _reat potential for suppl.', ing large amounts of electficit), to the

utilities. _ In addition to efficient etmrD" conversion, solar TPV offers the clement of enerb'2,.

storage: l'_w,'cr em_ Ix. prtxluced after sun dox_n, during cloud coveL or continuousb' during space

orbit. Although origin_dly conceived of for conm_ercial application and Calxtble of supplying

kilowatts of electrieiD', solar TPV can easily be scaled dox,,n to produce tern or hundreds of

%_,atts as needed in mobile or remote power generation. Likes,,ise. it has a high power-to-mass
ratio _md eaa thus be configu_-d tbr u_ in space exploration.

l'he use of concentrated so!at em.'rgy as _ heat sot_e ,lees not have the drasvbacks

as:,ociated with radioisotope or combustion heat sources. A x'et3.' p_ak_natic ;glvamage of solar

lx_er is that dish concentrators are a x_ell-develolx'd technology. Therefore. the development

eflbrt and hint. to market, relative to other I'P%" concepts. ,,,,'ill be reduced. It is the only TPV

approach based uix',n a xeneveablc energy source. In addition. _lar TPV has no moxing parts, is

light weight, and prtxtuces no noise or vibration. It has the lx'_tential to be extremeb reliable.



Solar 1"PV is prt_ected to be cost competitive _'ith traditional means of photovoltaic

poger generation for supplying large amounts of power to utifities. The McDonnell D_mglas

study projects that _lar TPV gill be both more efficient, and less costly to operate, than the

Kinematics Stiding Dish. It 'has the potep.tial to greatly reduce the cost of remote power

generation for .,_ome nndlit_.' operations. When scaled dox_ for remote applications, solar TPV

is expected to be at least t_ice as efficient as thermionic generators. For deep space exploration,

solar TPV ma._ be the only practical replaccmcnt to radioisotope heat sotm:es. Even with a lano,e

thermal storage sy_em capable of maintaining constant power output during the orbit night, the

mass x_,uuld be less than a space _lar dynamic sy_cm With no moving parts, solar TPV offers

high reliability required for spoce operation and the low operating mcl maintenance cost required

tbr utili_." operation, lmix_rttmtly, the solar TPV s.',stem can be shielded to eliminate degradation
due to radiation.

3. Experimental Procedures

3.1. Selectit_ Emitter Ckaraeterization

The Ho-YAG. Fm-_Lu.YAG). ,uad Er-YAG s,:lccrix'c emitters were characterized using a

custom developed test bed ._lesi_ed f,._r me_t._uring thin-filn_. _lective emitters for mermo-

photovoltai¢ applica'ions. A schematic repre.-.entiag 1he experimcnte.I c,'mfi_umtion is shevm in

figure I.

J.idh ,.,r i- O.

_.% kal,¢'_ TTI

gurT_e _ ..I. r_ J w

_,_'g',_ ,','¢'Mtt0 r

Figure I.---_'chcmarh' diagram of ¢._erimoltal s¢_p for _urlx¢ e_ttlton _pecrra.

Since significant temperature dit_i:rcnccs ,160--180 K) exist bet_een the front and back

emitter surfaces, the "'emitter te,'nperaturc _ is defined by a _ubstz-ate temperature (T_). and the

temperature _adiem. AT,_T_-Tr,_,_t. The average of the front and back surface temperatures.

i_,_-(T_- i'ra_,(t 2. in the center of lhe _ample is used to calculate the spectral cmirtance from the

spcctroradiometer intensib measurements. Temperatures gere rr_tasured with b'pe R

thcm|ocoul,lc.,_ to an accuracy ,_f ..-':6K. Normal spectral emittancc measurements _.m'e made

fi',,m 1.2-3.2 lain _ith a _pe_troradiomctcr constructed l_m a I.,g-metcr monochtometer, a



temperature-controlledPbS detector, and an 800-11z chopper. The spccu'oradiomexer was

calibratedwith a 1273 K 'blackbodyreference.

3.2. Filter ekuacteri:atton

Filter characterization _as carried out by testing the filters with a Perkin-Elmer

Lambda 19 spectrophotometer and a Nicolct .Magna-lR 750 FTIR speedometer. Although the

Lambda 19 spectrophotometer is able to nmkc more accurate meastax-ments than the FTIR

spectrometer, its _avelength range of data ga "thering is more limited, i.e. 0-3 versus 0-30

Consequently, measmements were made using both in.-,'tn:ments.

Frmtsmission. reflectance, and ab_rptancc versus _avelength was measured tbr two

types of filters. One was an IR reflector filter. It is fabricated by' the deix_sition of a thin layer

of gold (-50A) on a sapphire _bstrdte. The ,,_.'cond wa_ a dielccnic stack on _pphire bandpass

fil:er, l"hree bandpass fihcrs were tested _vith cutoff wavelengths of 2.2. 2.0. and 1.7 psn.

Measurements sscr¢'alsotaken ti,rthe combination: bandpass'IR reflectorfil:crs, l'hes¢

combinalionfilterconlqt?urationswere ultimatelyus_ m IPV convertertesting.

$.J. PI" Cell Gn_wth and Fabrication

A (hst switching, hcrizontaI, lo,,_-pre-_ure ().XlX'PE reactor v,a,, employed tot all

semiconductor mmcrial growth. The teat:ant _pecies xscrc trimethylindium (TMIn),

trimethylgallium (['MGaL diethyl_'Jnc 'I)EZn!. pho_phinc _PH_). ,wsinc (AsH.:_ arid silane

(Sil-hL ltydrogen carrier g,ns was u_d to inject the prccu_)rs into the reaction ch_anbcr.

Substrates were placed on a SiC.<oatcd grarhite susceptor. Grox,,th conditions for the various

layers arc presented in Table I. Samples wcrc characterized for c_stal qualib', alloy

comlx_sition, and surface morpholog.,, u.'_int,'. ,k_uhlc x-ray dif:raction d'R'XRDL visual

obserxations, and Normarski contrast optical micrc_op.v.

[nxC)ai.xAs layers _ere gro,,vn on p-bpe lnP wafers, sshich were prepared by the

substratc vendor. A thin la._er of InP wag first _own on all ,,,ubstrates to prox'idc a cle,-m ,urface

for nucleation of the lnG,..'_s alloys. A lattice-matched lnGaAs layer vdth Eg_0.74 eV was then

grov, n dircctl_ on the lnP layer. L,,ttk-e-raismatchcd ln(YaAs structures with Eg'_0.51.0.57 ,rod

0.69 eV were g,rov.,'n on the lanice-matched lnGa,-_,_ layer. Compositionally stepped buffcr layer

were grown to reduce the munber c_f threading dislocalions in the active cell ba._e region. Step

compositions x',crc cho_n to keep the strain below 0.212._% bem'e_'n eyeD tv, o laycrs, rhus,

rise equal compositional steps ,,sere m the buffer for the cell with Eg'_J.57 eV. and eight steps

cemposcd the butter for the cell wid,l Fg--'O.5 i cV. The cell with Eg_-O.6 ') c\' was ,_._',snn without

ar,._ inteml_iate buffers. Finally. all cell structures _.¥ere capped x,.ith InP. The lnP cap was

0.5 pm thick fbr the cell x¥ith Lff-_0.60 eV, and 005 _m thick for the cells ssith Eg--",O.57 and

0.._1 eV. Grov, lh temperature and pressure acre 62o _C and 190 tort dtroughout all OMVPE

runs. tirov, lh co1_litions lbr the various alto.,, s ,tre ,_ummanJ'ed in Table I.



Table I..-O.ttrPF. growth ,,o_d#A_sj_r _e I;,C,_4s/TnPPr cert.

I I • II I I I II I

Alloy TMIn TMGa PH_ AsII._ Growth Rate

I_noPnun. ,_mol:min., 14moI_.ir_. i_mg.I¢.n_ , nn_'sec
• m,

0.5 ! eV lnGaAs 39.8 8.6 - i 636 1.43

0.57 eV InCraAs 253 8.6 - 1636 1.06

0.6q eV InGaAs 14.8 8.6 - 1636 0.78

InP 253 - 1145 - 0.65
I III I I I I II I

The OMVPE grox_,n cell structures were processed into PV cells using the tbllox_dng

preccdu_:

1. Back Co3tacL,_: I ow.n._istancc ohmic contacts made by vacuum depositing a

sandv_ich of Au-Zn-Au on the p--InP substratcs, and heat treating in the huge of
400---140 _C." l'he contacts were _'pically 2-3 Um thick.

2. Front.Contact_: Sma'ghxd reverse-imaging photolithography was used to define

the grid geomct_ of the front contacts. Thermall) stable. :ow-resi._amcc ohmic

contacts made by vacuta'n de,siting a smdv, ich of Au-Ge-Au on thc n--lnP

_indo_ la),:rs. Front contacts wc:'e typicall) 2.5-3 lain thick. The optimized

float grid geometries for the_ ,:el!s ig shown in figure " lhe grid shado_ ing ffiS_

_br both geome|ries s_,_ 200 o.

3. Xlcsa !solution: Standard photolithography was used to ¢.etine the cell area The

defined areas were igqated qa chemical etching using ttCl-based and H:SOa-ba.,cd

soluti,ms. The cmss-sex'|ional x le_ of the finished ceils are .,,ho_ n in figure 3.

Figtre 2. -teom gem design]or tl_¢ I.rl c'a rl¢_J. _d tkr 6_6 mm Iright) PI' cells.



0.51 eV InGaAs Cell Structure
u

o.os_ n,'0npW,ndow/Comct
"4

• _0.8 pm n÷ Ino_Gao,:_As Emilter -..,:

3.5rLmp I%_Gaoa2AsBase

I

.... . ,, ... . •

1.6_ p" InxGa 1-XAs Step GmdKI Buffer

0.57 eV InGaAe Cell Structure
l t t n t

-11.8pm n* tn_._G_ Emi_'_.,
I I II I I

3.5 pm p Ino._Ga_2_,s Base

F" InP Substrate p" InP Substrate

0.69 iV InGaAs Cell Structure
_ I _ _ • ii

0.5 _Lmn" In.° Window;Contact
I I __ •

0.5 z,Lm n" Inc_O%.4_As Emi,,ler
I I I

i ,A " • n ":'il "

0.5 pm p" Inc_Gac,,:,As Buffer

InP

p+ InP Substrate

Figure 3.--.('toss-_tctlomll vie: o.ffob_catcd InG',,4sI_orot_Ua_ cells.



In addition. _veral tnmsmi._ion line model (TLM) test pads wc_ fabricated in close

proximit3.' to the PV cells. "rLM test pads furnished important electric',fl data about the ohmic

contact meudli_tion and the n';n" lnP.qnGaAs cell emitter, such as metal-semiconductor

specific contact r_i_ivi_' (re) and the semiconductor emitter "sheet r_sistivi_., (Rut]. The as.

fabricated rc values for the Au-Ge contacts w_re in the low 10 "6 to low 104 f_-cm: ra_e. The

emitter sheet resistivities for all cells varied fi'om 8 to ! ! _:sq.

3.4. PI" Cell H_Ylrogta Pasxil_lJoa

The processes of PV cell hydrogenation _as carried out in the following steps:

°

_°

3.

4.

Acetone "and me,tool organic cleaning xsith ultra_nic agitation.

HF:II,O tl:lO vol) surface cleaning tbr 15 seconds.

Deposition ofa SiNx (200 .-_ protective layer at 27.'; _C.

Hydrogenation at 250 _C for 2 hr in a Technics Planax Etct_ 11 paral',el plate.

13..% MHz plasma _actor. The hydrogen flow rate was 30 sccm at a Ix, v,er
density of O08 \_ cm', ,had chan_ber pressure of 730 m Tort.

[X_pant reactivation annealing at .=00 :C for 5 mm in a nitrogen amt'ient.

Removal of the gi'Xlx layer in HF:I-i:[) t1:10 xol.; in 5 rnm.

3.5. Com_,rter Testing

Figure4 l.,. a _'hematic iilustratit_,,, of ', IPV comerter. All con', ,.'rters",.verc tc'_ed by fi_t

carefidly chara,'te.'izint: ,rod testing each of tt,,cir comic',hems mparatel:,. All of the measured

parameters were then combined, m the me:h_,,lolog_, described N.'lew. to obtain cem ener ouq,ut

lX+_ er densiLv and ctticiencv ',alues.

Blackbody or

Sun Selective Emitter Filter PV Cell

Selective or

Broadband Rachatt_

FiZure 4.--.¢ichcmfnic t¢l_re_ent_llon of the TPr pPoce_

_.'.I.Jscnl:ld Kc_r_lc _' h_,.. I_,'_,



First. the spectral irradiance (W/cm2) of each selective emitter, as a function of

_uvek'ngth. was calculated by multiplying the measured spectral emi_nce of the selective

emitter by the well-known blackbody spectral in'salience (at 1700 K). The measure!

wansmission versus v.-avelen_h of eve_' bandpass:IR reflector filter was then multiplied by the

respective selectix.e emitter spcca'al in-adia=_. The result was the filtered spectral in'adiance

reaching the PV cell. The current output densi_." (A_cm 2) of the PV cell ,,t_as then calculated by

integrating the product of the measured cell spectral response (A,'W) and the filte_'d spectral

irradiance over the wavelength range of interest, i.e. from near zero microns to the cutoff

_avelength (_) of the ban@ass f'dtez.

The open-circuit vo!tage (Vec) and fill factor (FF) values of the PV ceLls were measured at

the output short-circuit current (Jsc} levels calculated above, by testing the cells under high

sunlight concentrations, using a large-area pulsed solar simulator tLAPSS). This ensured accurate

Voc and FF measurements because the detrimental effects of cell series resi_ancc were

experimcntal_" taken into account. The cell output power density (_,V,crn 2) _as then simply

calculated as the pro_tuct of Voc. Js_, and FF.

In order to calculate the conxener efficiency, the cell pox_er output denser" calculated

above was divided by the total selecti_c emitter spectral irradiance, integrated over the

_a_elength range ofinteresL & 100% radiation recycling was a_umed with all converters. The

Excel 5.0 program was _secl to rno,tel, as well as to pexform matrix calculaT_on_ to obtain the

desired results The parameters, syn_h_ls, and definitions umd for this program are presented in
_vorksheet I.

;Jorktheet I.--Parameter_ u,_¢d for I'PI comem'r ,'alculation.t.

System-level Inputs .........

Variable Oescripti_on , U.n i.I,.I
Psv_ Doxver otltp_t. IOl;tl _, ,sl¢_ll _'

T__ oN tal_n_ temnera'ure K

GFF co?mere: ."octlqn2 f_,.'tor 31men_,onle_
_.a.._._ ........ tf.

.otis "
m,

=._ _'V',.tx .'At_llll|ltd I

System-level Calculated Outputs

v=rlable _o_=_c!!ption ........ u_nlt=_

........... ¢._¢_enc_. _TPV_,,.n_,.n._¢__.......... ¢l,__.n,.ensi_nles,

Equltior_

=Psz_cJ__P,:,.......

_Absorber Inputs .......
Vlrlllble Delerlption Units

............. • i i , ,

Ab._t,er _e _ext

S_'g", t ....... 2__¢ification .lea_! .

te.__ ............ emi_tvih£ ............... ..........&men_ion!e_.s

ii , i

Notes

bl_'ktx_ds



Ab!orber ..C411¢ullted Outputs
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4. Results

4. I. Ho..E4G, Tm-(Lu, }:4G), and Er- |'A G .gelecti_ Emitter Emittance Data

"l'lu_different _arth-dol:gd, singlc-c_'stal YAG-based selecfi_,e emitters were u.cc,d

in this study. The t_st one was doped to 25% with Ho (Ho-YAG), _he second was doped to

30°/, x,dth Tm (Tm-I,u, YAG), and thc third was doped to 4_._ xHth Er (Er-YAG). The thickness

of these selective emitters were I. l, I.I, and 0.9 nm_ r_spcs:tively..A!l _vgr¢ backed with a

platinum foil sub,rate and tested at an average emitter temperature of 1700 K. Figures 5--7

showy the measured spectral ¢rnittanee versus wavelength for the above selective emitters.

As _own in the figures, the peak value ofth¢ emittance in the emi_¢ion band for all of the

emitters was alx_ut 0.7. The overall radiative cfficiencies for these emitters xs'ere in the 20,250o

range,
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4.2. Bandpas_.IR ReflectorFilterOpticalCkamctetP_tion Dma

Tv.o _'pc_ of tilters were used to en'_e the efficiency of the conscriers b) rec._cling
the out-of band radiation emitted from the emitters. The first +_a._an IR rct'_ectot fil:cr. It .._r_ ed

to reflec', longer IR radiation back to the heat _,urce. The transmi,;slon x'er_s wavelength

¢h_a"acteristies of this filter is shown in "]gure 8. As slx, x_n. the fil_er allox_s die :raw_'rission of

r,losi of the shorter s_axek.ng:h IR radiation (in the u_thl ra,_e for IPVI. ;u_d reflects most o!

the longc_" wavelength IR radiation. H '._,:xer. the Iransm_s._ioa ch.-mlctc:a::ic.,. ,,f thi,. fiher ;s a

r_latively sel<x_th fur.orion of xsavelcng'i_

700
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¢
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1""

IR Reflector Fill_"

25 50

Wllvellmgtii (urn)

l'tlt re 8.- Tranltedxil/on e/ialict#iiltcl o[ • _dd-_.l_/_ IR tfJ'ltcm, jllWt.

Bandpass filtcr._..on the othe; hand. show a near step-i'umcti_.,n hehax.ior it. fl'_eir

transmission sersus wavelength characteristic,. 1he) transtnit mosx of the in-hand radiation up

to a cutoff _,_avelengih d,.,,.L and abrurd.,, it, fleet radiation beyond the cutoff _,,'avekmgth. lhe

transmission ,,etst_s _'avelengih chamcieristi_:s ,.,f a handpass filter s_iih _).¢-1.3' _m_ is shos_n in



figure 9. l-lowe_r, unlike the IR reflector filters, bandpass filters show significant transmission

againatwavelengths >2.5 pm (see figureq_. %_!_,.-nthe bandpass filterisu._d in a converter

configuration, this addi;ional transmissioa at lon_-r wavelengths greatly' limits the convener
er/iciency.

,v-, ,,w- Oielectri¢ Stack Bandplml Filter
"N''" l _ _,,1,? pm

I / _J
Jl L._/

O.O(I , , , . ,
0 1.7 2.5 5.0

Wavttlength (pro)

#'i_ure ¢._ Dimmi_sion ck#ra, ttriitic, of l budpass .filler wilb _¢=2.0 :lilt

Conibining lb,e bandpass and IR rcflcctor filters pr_xiuces the most efricicnt filtering tbr

TPV applications by prcs, e,,wiug _ at a desired value, _shile at the s_hgae time suppressing longer

IR _szivelenglh tr, insmission. Three l'and_ss'lR reflec:or combimition filters were u_d vuith

cutoff wavelengths malching d'c peak emission bands of the selecli_e emirtem. Filters with

_---2.2, 2.0, and i.7 ll.m. are matched to the cmi,_sien peaks of the Ho-YAG, Tm-t.Lu,YAGi, and

Fr-YAG. respectively. The tr, ir_mission versus wavclcn_h characteristics for the,_ filters arc
sh,_x_11 in figures 1O- 12.
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4.3. PI" Cell Ptrfortmnc¢

O',cr 30 [nG_,AslnP PV _:¢lIs _,er¢ fabricated with bandga_s of 0.:3 l. 0..<7. and 0._9 ¢V.

Th,:.,.e bandsap values ate ,,veil-tuned t_, the emission peak values or" the I[o-YAG. Tm-

(Lu.YAG). and Fr-YAG ._electiv¢ emitters, reslx-ctively. Thc cunenz-vol;ag¢ d-V1

chara,.-teristi¢_ of each cell was initially tested ¢nclcr air-mass zero (AM01 conditions. Cell

special res'pons¢ ;und quantum ¢l'ficicncy measurements x,,ere then performed so that the results

would be u._ed in conxcrter ¢flkien,._.' calculations i._ section 3.51. The._ measurements also

14



served as diagnostic measures to cvaduatc cell qualitT.'. Finally. the cells were tested under high
Light injection using a LAPSS system. The details of the results of the_ measurements are

presented below.

4.3.1. AMO 1. I/ Data

Illuminated I-V testing under AMO, one-sun conditions was performed to assess

the general qualib' of the fabricated PV cells. Particularly. the values obtained for Voc and FF

can. to a large extent, rexeal the quality, of the n,'p junction. Voc end FF values for cells with a

gix-en 5andgap, for e.xample, can be readily compared to those tbr the state-or:the-art cells. In

addition, shorted or shunted cells, or cells with excessively high series resistance tRs) can be

quickly identified under AM0 testing. Table II is a summary of the AMO I-V data tbr the best

cells with bandgaps of O.Sl. O.57. ",rod 0.6q eV. The cell with Eg_.60 eV had a 2400 A thick

TarO5 anti-reflection (AR) coating, whereas the cells with Eg=0.51 xad 0.57 eV had no AR
coming.

TaMe IL--4 _lO. one-s,,n ¢2.¢ '() I-1" datd for best Pl'cells _'itk t_rtous bo_dgal*s.

la I • I

PV Cell F g teV) J_ _mA' cm2_ X:_,__mX"_ I'F _Qol Area (era _)
• i i

0.5 ! 2 !.0 134 48.8 0.36

0.57 31.2 22¢_ 64.4 11.36

0.69 27._ 34') _,0.': 1.00
-- I

As expect,M, the pertbrm:mce of the cells improve siunificantl,, as their bandgap increase.

The data in Table 11 also show that the for the g_i_en illumination le',el de. AM0_ and bandgap.

the "foc and FF valu¢_ ate excel_tioaall.v gt_d for 'all three cells, lhese cells _e_ sub,_qucntly
u_-d for convene:" testing.

4.3.2. Spectral Response and Quantum EJ_cicnO' Data

l he resuhs of the sp_tral response data taken tbr the PV cells shox_ in Table 11 _ere

_¢d to calculate the output po_vcr dcnsiD" and efficiency for all converters. Both the spectral

response and qumltum efficienc._ curx'es fi_r these cells are shown in figu='es 13-1. _. :'_ expected.

the peak value of the flat region of the qu,mtum efficiency curves incr_d with increasing Eg.

Also. The quantum cflicienc.v data for _dl three cell., are rem,'u'kably fiat over a wide range of

wavelengths. This is again an indication efthc high qtmlit.v of the cells. ,and the effectiveness of

the buffer laye_ grown benvcen the In[' and the lnGaAs cell structures tse¢ section 3.3_.
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4.3.3. Hieh lifht ko_don i-V Data

In order to experimentally measure the effects of the series resistance on FF (and to a

lesser extent on Voc_ the PV cells wexe subjected to high light concentration levels, using a

L:_DSS _,stem. The light concenCafion levels x_re chosen such that the J_¢ of each cell would

be equal to that calculated for each of the tour com, erter_ tested (see section 3.5). The results are

shox_,_ in Table HI. The Vec and FF values shown in the table were used in ¢onvener output
poxwr dtmsity and efficient" "calculations.

FaMe 111.--4fllll, I_k,t'llM I.V #am (25 "C)]or Pl'cells w_ Ef-g.$1-e.6t el:

I I I

• "t

PV Cell El; (e%_ Js¢ (K, cm') Voc (mV) FF (%) Area (cm 2)
u u i l

0.51 2.05 .5_ 56.0 0.36

0.57 _ "...4 325 60.0 0.36

0.69 2.44 451 70.6 1.00

0.69 6.29 477 64.7 1.0_
I I l II

SimJar to what i_ commonly ob._r_cd in other _*l_r ,.'ells (e.g.. Si. GaAb. etc.) at hifJ"
injection, the increa._ in V,= for all the cells in Table 111_ws an exponential function of Js_. This

is shown in figure 16. where %"ocis plorted against .I_ for tl'_e c¢1'. with Eg-0.51 eV. Sorer

researchers had speculated that the dish:,cati(m traps created by ',he lattice-mismatch berv, een

lnGaAs and lrff _ may be partiall.,, or fidl.v l_ts_ixated under higdl injection conditions, lc_,,lix-,g to

higher than exposed Vot, values. We did not ot',_en¢ any evidence of trap _turation. ho_x'er.

The cxperinnenud V_ values measured at high injection, hov, ever. closely match the theoreticai

predictions made based on V,x .rod J:¢ ','alue_ measured under h',,v injection AM0 conditions.

us!ng start"dardsolar cell equations.
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The parameter most adverseb affected by the parasitic _ries resistance is the fill factor.

Initially, FF values increase _th firax.,-asinglight injection, due mainly to an increase in _,:oc.
Later, however the resi_ive power losses overtake this initial effect, and the FF values decrease

at higher current levels. This is promm'ily due to the fact that the resistive power losses
as a square function of the current, i.e. lZR. A _presentative example of thi_ behavior is shown
in figure 17 for the cell xxith Eg_,51 eV with a series resistance of about 20 rnfl. The I'_Rlosses

in these cells .can only become neglig_le if the total series re_sumce for each cell is kept below
5ml'l. For comparison, i-V curves are also shown for the cell with Eg'=0.51 eV under AM0 and
high inj_tion conditions, in figures 18 and 19, r_spectivcly.
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4J.4. lllvirogen Ik_h.ation Data

The goal of the h.xdtogen passi_ ation tectmiquc was to passivate the detrimental

elecmcal characteristics of the cr).'stalline defe,:ts created as a result of the growth of lattice-

mismatched InGaAs layers on laP. ro investigate the effex'ts of the hydrogen pas'sivation

technique, half of an OI_fVPE gro_lh run will) Eg--0.._7 eV was sent to Ohio State Unixersi_. for

hydrogenation. Four PV cells were thbncaled from h.vdrogcr, a_ed samples. I he other half was

also processed into four cells t_ut without t'..vdrogenafit, n. the perfL, rm_mce of all eight cells g ere

very similar under AM0 condition_. The A._!O results tbw the best ,.'ells _m each kdf are _¢n
in Table IV.

I I • lq _ I i l II I I • I I II

H-Passivation Cell Eg_eV) J_c lmA cm'l Vuc(mV) FF 1%1 Area (era')
m i L I _m I I •

No 0.5", 31.2 "_• ,_6 O,4.4 0.36

Yes 0.5? .c).1_ "" o3.9,.6 0.36
I I I • I I I I I I I I I II II

As shown in lhe table, effectixely ra_ improvements were obsen'ecl in the perfommace of

h_drogen passivated versus non-pas_ivated cells. In order to assess lhe effects of h._da,genation

thrther..qpectral reslx_n_ _nd quantum efficiency measurements were also taken for the ceils

shown i_ Table iX,,'. The results are given in figures 20 and ._1, reslx'ctively. The data in these

figures suggc_ that hydrogenation had essent!ally no ettbct on iraprox ing the cell respon._ at an.,,

_a_elength. As a result, no further hydrogen pa_ivation work was carried out on other cells.
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4.4. TkermalStorage

111¢themmi storage unit tot STPV applications must absorb the heat from tbcus_l
sunlightand radiatea near blacklx_d.v .SlX_trum. For ett[i_'ientrPV ener_ convention, heat must
bc stored at v¢_' high tcnq_ratur¢_ (1.';.00-1700 Kb. l'he teml_raturt: rt.'quimmcnts push the

slate-of-the-art tt.'chnolob? de_t, loped tbr solar d2,.'namic po_cr conversion. However. solar
dynamic power conversionrequires a _orking fluid to transfer the heat t_om the storageng"dium
to the, heat engine. In contrast, the coupling betgeen the thermal .¢,orab,e unit and the TPV
con_'erter is radiative' hence, a workinll fluid is not requircd. This greatly simplifies the design.

reduces the weight, and minimizes the effct:t of gravit3. on this t_hnolog_. To prove the
fe;aibility ofdlerma" storage tbr SI"PV, we comprehensively researched existing themlal stor_e
congepts, rhea ;vlapted a high-temperature teclmiqu¢ for use with SI'PV. An accurate
de_ript:,on of the unit _e propose to design and build in Phase il is a thermal stora_c.'iafrared
radix,or (TSIR_.
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One _ay to store heat is by using tile latent heat of a phase-change material (PCM). Heat

is stored as the PCM melts and is recovered as it resolidifies. A successful application of latent

thermal storage is the _lar cb.-namic heat receixer technology (SDHRT) designed to meet the

elccmcal power req_firemems of the U. S. Space Station Freedom. _ The receiser uses a LiF

eutectic salt as the I'CM. Metal canisters containing the PCM store excess thermal eaer_'

delivered to the _'stcm while the receiver is exposed to the sun. During the orbit night, stored

energy is mlmferzed through a _,orking fluid to the heat engine. As a result, relatively stable

_wer outpm is maintained throughout the entire orbit. The solar dynamic thermal storagt.- unit

is capable of storing beat at 1 IO0 K. The receiver coupled with a heat engine is part of a

prt_top,pe, 2 kW solar dynamic demonstrator developed at the NASA Le_'is Research Center.

Unfortunately. the technology developed to store thermal energ3" for solar

d}.ammic poster conversion is difficult to push to 1500 K. Although fluoride eutecxic .salts can

store signific_t quantities of thermal energ._s"per unit mass. the)" have two distinct disadvantages.

First. they hax'e relativel,, loss thermal conductix'ir_'. As a result, the size of each indisidual salt

canister mu.,a be rt'duc_ and their numbers increased as die salt condactivity det'Teases. Second.

these eutecti¢ "salts generally exhibit a large change in volume during solidifm.aTion. As a result.

voids are formed. Voids caa_ significant variations in the heat transfer r_c and their tbnnation is

aft'ect_ b._' grasity. It is ,_tical to accolmt tar the erect when desiLa,./ng the thermal _orage

containmen: _md projecting long-term reliability. Tim most limiting Ihctor in pushing this

technolog._ to higher temperatures, howeser, is the lack of a n:hable metal container to hold
¢otTosiv¢ fluoride eutectic _lts.

Fortunately. the Japanese haxe been dcxcloping :t thermal storage technology capable of

operating in the temperat_:re range or" l iOig-1500 K. _'e Fheir technique employs a porous

ceramic matrix entrained v_ith fluoride _lt._. The salt ceramic composite approach to tl'.ern_al

storage ma.v be explained as micn._encap._aE,t/on of a PCM within the submicron pores of a

ceramic matrix. The liquid salt is _'tained sat|bin the solid ceramic netv.ork b) sure'ace tension

and capilla._.' t'o_'es. Importantly. due to the t_igh let el of dispersion, x'oid formation is

suppressed, l'hc lack of s oid_ grea:l) sir.iplifics the heat transft.r _md structural analyses.

especiait) f,_r .;pace applications.

The i_rous eenlmic matrix, u._uaily sili¢o_ carbide tSiC), has ,, reiafivcl) higJ_ then,hal

coaductivip..', which greatly enhalx'es heal tr, msfer x,_'ith the entrained salts. Heat st(_'age occurs

as lah.-nt heat of the PCM. and as sensible heat of the PCM and o,-ramic matrix. Therefore, the

use of salt cot.urine _'ompositc rcprc_nts not a p_re latent heat. but a latent_nsible h._brid

storage concept. I/Itimatel.,,, this reduces the size and _eight of the thermal storage unit rehtise

to the technolo_..' dexeloped for solar dynamic power generation.

Importantly for ll'V te,:hnolog.v, the tL_e of a ceramic matrix allows containment of

eutectic salts that solidly" at higher temperattu'es. Porous SiC entrained _'ith n_lgnesium fluoride

(.XlgF:) is capable of operating at the temperature required for s'rpv: 1500 K. '._ I'he matri.v,/mlt

composite is fi_bricaled by placing SiC with approximatel) 30% port, sit) in a moltcm bath of salt

in an inert atmosphere. _ch as nitrogen..r x nonporous layer of SiC must then be attached to the

surface to prevent e,,al_ration of the sdt during u_. The surface la.,,er ma) either be chen_call)

vapor deposited. _r r_achined from a solid piece al_d fitted like a sleax'e.



4,$, StidlJg Solar Concemrator Disk Test Restdts

rhe solar concentrator located in the solar test facilities at McDormell Douglas i.¢

comprised of 88 mirrors, each having an area of 1.0 m 2. It is capable of deli_a_rtg a maximum of

80 kW oftherraal enerD" to a target receiver with a concentration ratio cf 15.000 suns. It can also

acldeve a ctmcentration of !000 suns uniformly over a 25 ¢m diameter .¢,pot. The concentrator is

capable of b,etzmting estimated receiver temperatures of greater than 2500 °C on a small spot
size.

The concentrated :adiation den._i_" from the dish has a 8russian distribution on the

rgcciver..As a result, to achieve a more uniform temperature distril-ution, a SiC cavil., _s used

tbr testing the dish (see figure 22). To be able to focus the concentrated light into the cavil.

openning. 72 of the 88 individual _rs _ere cox_.d up. Temperatures as high as 1350 °C

(1623 K_ were measmcd at the centetof_e receiver plate. Slight non-uniformity t-50 =C) was.

hox_ever, obsen'ed acro_ the reoeiver plate, rhe result of this solar dish testing demonstrates

the feasibilit3. of achieving the high temperatures (15(R}-!700 K) required for the development of

a viable STPV system.

plate

SiC cavity

P rs_.t,d !t¢,.e4g:l'. la.. Iq¢_'



4,& Emitter. Bandposs/IR Reflector Filter. and P!" Cell Com_erter Test Resul_

Four convener configurations were tested Three _]ecg,'e emitters. I{o.-YAG. Tm-

(Lu, YAG), and Er-YAG _ere each coupl_ to a combination filter and PV cell matched to its

peak radiative output, The Ho-YAG emitter was coupled with a combination bandpass/Ig filter

with _:'2.2 JAmand a PV cell _ith Eg=0.5 ! eV. The Tm-{Lu, YAG) "emitter was coupled vdth a

combination filter with _ =2.0 _ and a PV cell with Eg=O.57 eV. And. the. Er-YAG emitter

was coupled to a combination filter v,ith _, =1.7 _un and a PV cell ,,ith Eg=0.69 eV. The tburth

cortf_gur'_on was a blackbody emitter coupled to a combination filter with kc --1.7 I,tm ,'rod a PV

cell with Eg-O,60 eV, AJso. since the PV cells with Eg=0.SI and 0.57 eV had no AR coatings, the

output Jsc values used for converter calculations were multiplied by 1.35.

The center of the primary emission peaks for _di three selective emitters closely coincide

with the peak ofthe 1700 K blackbody spectrum. The PV cells u,ith the lower bandgaps of 0.51

and 0.57 eV. e.xhibit,xt inferior performance to the 0.09 eV ceil. This is due to the increase in

threading dislocation concentration x_izh incrc_d lattice mismatch. As a result, the convcr_cr

_ith the Er-YAG emitter _as not only more efficient, but it had a greater output pox,.er density
the co,_erters with the Ho-'YAG :rod the Tm-tLu,'YAG] emir, ers.

_0 ....
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"_ 15 -
_ I" ,t
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l_gurf 23.--_pe_'trul irrvdi_nce data for "ke H_ | A G"se/et'rh-e emuter and u blat'_t_y at ] °#O It.
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Since the best _lective emitter-based converter produced a relatively imp, output power
densiu, ofO.Tg W'em:, a blackbody-based emitter converter ,_as considered. The most efficient

PV ceil with Eg_').69 eV. and the filter with )<=1.7 ktm, _ere coupled to a blacktx_)- emitter.

The emittance of +.he blackbody emitter x_as assumed to be uni_'. "llais conxener conSguration

resulted in the highest output fx_x_cr dcnsi_. l'he test results tbr all four conxeners are

presented belo_ .

4.6.1 lio-Y4G Selectitv Emitter, Filter, and PI" Cell _'ith Eg=0.5I er"

l'he center of the emission peak h.v the IIo-YAG is well-tuned to the re_on_ of a PV

cell _ith Eg=0.51 eV. [his is iih:strated in figure 25, where the filtered spectral irradiance of the

emitter and the spectral respon_ of the cell are shown. Following the testing methodology
de:_cribcd in section 3.5. th:s converter produced an output power densit2,.' of 0.2q W cm" and a

TPV conversion efficient) of 11.4%. ]'h_ _sults are given in worksheet II.

O7

: ./P,'_ |9-o.slev :

4 \ . I ,_ -; 05

.,. 3 ,' -,iS ;t -t °'
i / - , _ 103:,. ,Og'<" t,, _1
I _i ,,,,.,.. t t t °_0 J is' HO-YAO _'_1 -I 0 1

' _L_ - =
0.5 _ 1 S 2 2.5 3

Wavelength (inn)

F, gut¢ 2&--Filtere4 Ipet'trll Ireadta_ce fnr _¢ I¢_-I;.t G ._¢/ecfh'¢ emilio at l,"_t# K a_# _¢ spectral trip, me

fo_ t_e cell _ltl! UR_O..¢I el:



It'e_sh_ Ii.--It_ells fer eke _sY_ e_ die PI" cell wMi Er._o'il el; _n#i_sslllt _.fl_loe /llltr
wisk _=2.2 _m, u# Ike II_.I'4G _t_n_ emleer.

I .,.: '

i _ i2,2rr_mnC_.OtlOOn_l_,dl_ F_2_2_A ]
i PV Cell ' ; I_SI eV I'I_IAI '_III_SI &

F ** j l

i-Tc_, a,-_-.&_7;,._,_-l -

i p

-.---_!_''4_"
P..sy_ W

!
T..aP 17"JO<,

_u 11=V,&E 11.10%_ .

c., -'_--- ,,.. _j_,,:

_- - _ S,..:_._:
2C5 &¢'_e2

_, ,-k_a__ ¢,,_ w,_",z
31_ rtoni

--1
I

_.-_........__ u-:- I:.T:.__-._,
_o_ " -a_--...............



4,6.2 Tm.Li, YAG Selectire Emitter. Filter, ud PI" Cell_tk £1"0,$? el"

P,' cells with Er_).._7 eV _re fabricated to couple vbith the Tm-(l u.YAG) _lccli_e

emitter. The filtered spectral irradiance of this emitter md the spectral response of the cell are
shown in figure 26. This com erter demonswated an output power density of 0.-;4 W'cm" and a
TPV conversion efficiency of 16.2%. The results are shov,n in _orksheet !!1.
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gorl_heet IIi.--Xe_alt_ for tit,. ,_om'erttr vi:k the PI" ,ell _ith Lg=O.. ¢* ¢I t_mndOm_ IR rcjOector filte_
_,.itl_ ;.L'_"..f__m. awtd tl¢ Tm-M.u.l'4G/se/egl'h.e emitter.
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4.6.3 ,Z.'r-l;4G.Stltr.IY_-_ Emitt+r. Filter. and P;" Ceil with E[_0.69 ¢I"

lh¢ filtered +pe+'tral i_adianc¢ of l+r-'fAG and the _pe_tral re:,p_nse of t_ best ce[t with

Eg---tl.6g eV ate shov.n ;,n figur¢ _7. As with the previous conveners, the cell resl_ms¢ is xxcll-

matched to the emission peak of the _electhe emitter. Beeau_ of the superior spectral responm

of the cell. ,,his convener demor_trated}he Ix,st perforrnm_¢e of those ba,,,ed on _lectixe enfitters:

an output pot_er densin" ot'0.?8 W em" and a TPV conversion ett_cieney of 20.0°.0. The rcs_alts

arc given in work_hett IV.
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4.6.4 Blackbo_" B_ad&_nd Emiller. Filler. and Pr" Cell with Ek,=0.69 el"

1"he final con_ertcr contiguradon _'onsi_lcd of a blaeklx_)" emitter, a bandpass.lR
reflector fiher (kc_-l.? IJm_.a,d a PV cell wffh Eg 0._9 eV. The fih_red spectral irradimce of a
blackbody emitter and the spectral rcsp'_nse of the best ceil _,ith Eg.=0.60 eV are shown hz
figure 28. i'his con\error produced an output power densit) of 1.04 W.cm 2 and an efl'icicncy of
2_.9 ° o. Th,: rcsu;ts are sho_,s.uin _sorksh¢¢t V.
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Because or"d_¢ IU_ current ouaput densi_ _6.2_ A cm'l of this convener, the P%",,'ell
_,Eg=O.6q eV) exhibit_ a rather !o_ FF, i.e. 64.7_,,. As explained in section 4.3.3. resisthe po_er
losse._ become signiticant at high output currents. The theoretically calculated Rs tbr this ,-'ell
v,_ls 14 m,(}.° Loxser ,valu_.'sof Rs can increase the FI', and thereforr the output power densi_'

• nd etticicm.,,, rather dr,unatically. This effect is shov, n in l'able V, wl_ere_ thc_c_mtic_ly
cal,:ulated F'F. output lX_ver density, ,u_l etlicien¢'3.' values are given as the series resistance of
the cell '._dthFg.--,fl.6o eV is s aried.



ILq (mC_) FT"(%) Pout (W/cm 2) Efficiency' (%)
l ii

0 79.6 2.30 33.1

$ 74.4 ..--3 30.9

l0 60. ! 2.07 28.7

14 64.7 1.94 26.9

20 58.6 1.76 24.4

-_S ,q_o,,vn in the table, small variations in Rs can effect large changes in convcm.,r output

po_,er densi_ and efficiency. Minor modifications in the doping densi_' and thickness of the

ON_'PE grown layers in the InGaAs.'lnP PV ocll structure can indeed result in the achie,,ement

of Rs values." at or below 5 m_. lhactical convener output power densities and TPV conversion

efficiencies g_e'ater than 2.23 W:cm" and 309%, respectively, are thcrefor¢ possible with this

converter configuration. In addition, it is expected that optimized and more efficient PV ,.-ells

with Eg:-'O.69 eV can be fabricated during the Phase II period, fm'ther impro,,ing the pert'ormmlce
of this converter design.

]'he perlbrrae..nce of all fi_ur converters discussed above is summarized in Table VI.

Table t7.--TPI" C_mtx'n. "_tl_t poawr densiO"and e.J_clenO"dma foe a .tom_e temperature of i ;'_i K.

Emitter Filter _,c _m) PV Cell Eg (eX"t Pout O,V cm"_ Efficiency (o 0_
i i ill i i i ii

Ho.,.YAG 2.2 0.5 i 0.20 l 1.4

Tm-Lu.YAG 2.0 0.57 0 44 16.2

Er-YAG I. 7, o_o 0 78 290

Black .ht_h, 1.7 0.e0 1.04 26.9
| I i I II I I

6. Conclusions

The results of our P'._se l effort ha_c succcss_ll.v demonstrated that ve_ effioent

conserters _vi:h high output power densities can be realized lot SlPV applications. _w

following specific conclusions are al._ drawn from our _sork

I. i lighcr ban,lgap inGaAg lnP PV ceils pert'om_ed tar borer than the lower _mdgap
ceils. As a result, the comerler ,_sith the [:r-YAG _lcctivc en'|itters :;hov, ed a

superior per/brman,.e than tht; converters _ith the Ho-YAG and the l"m-
(L u.Y.X(3) _lective emitters.
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Even though _e converter with the Er-YAG _lective emitter was highly efficient.

its output power densit3.' x_as insufficient to enable the fabrication of a practical,

cost-effective STPV _,_.'stem.

The conve_:.r with the filtered blackbody emitter was both vet)." efficient and had

a high output power densiB' (--2 W,'cm").

By improving the PV cell and filter pcrfonna_e blackbod>._ STPV

converters can be developed with TPV conversion efficicncies exceeding 30% and
output powcr densities over 2 W.cm 2.

Finally, the results of our Phase I prej¢ct show the feasibiliv,." of the development of an

STPV s._stem with a practical total ._.'_em efficiency of b._eater than 20% and an output power
density of about 2 W.'cm'.

6. Future Research end D.evelopment

Rased on the work pcr_'onncd in Phase !, lxl'o proto_pe STPV systems _iil be dc_.cd

and evaluat_.xi in Phase 11. One protov,.pe _ill use the conventional P\' co}! tcchnolo_..., while the

other bill u_ the ,'_h'anced monolithic intebTated m_dule CM1.M) cell technology. Both systems

_'ill be superior to plan:ur solar arrays or linear concentrator so!ar arrays for space-based poster

generation. Sl'ecifically, they will be designed for a lifespan of 5 to 7 years, an output power

lexel orS0 W electric (F..OI.L and a specific power of better than 100 W.'kg. Linear concentrator

solar am, l._s arc pre_ntly being ._'udied by RMDO. Th¢._ aw projected to ha_e a BOL effi¢icnc.v

of about 20% without criers> s|omge. The STPV systems, which will be built in Phase 11. will

haxe comparable efficiency but with priers;, storage. Additionally. the thermal storage'IR receiver

{rSIR) unit as.,_ciat_i with srp\" will be less costly and li_,.hter them ktttericg which improves

the specific po,_er, r_'liabilit._, and lifespan.

Specific objectives Cbr PhiL_¢II re._arch and dcv,.'loprnem _e given belo',_:

I. demot;strate an ST'PV prot,+_.'N generating 50 We--alpha protoB'pc

An STPV protov,.'pe will be d_igned and fabricated. It will be comprised

ot'a SiC thermal abserber'emitter cax i_, filters, and conventional inGa.-Ls lap pV

cell mrin:_s. This unit x+ill not have energy storage catx_biliv,.. It _siil be testcxi in

the Stifling _lar concentrator dish.

develop :he MIM fabrication technololL_

The processing and fabrication procedures for .MI.M _si[l be developed.

MI\I stnng_ will _ fabricated and tested.



. d_ign, build and test the TSIR unit

The thermal stora_ unit _.iil be designed gith the aid of numerical

analysistechniques. The construction techniques Ibr its fabrication _,ill be

studied and optimized. A unit _ill be manufactured aod bench tcstcd.

dcmonstrate an STPV unit _,ith MINI technology and thermal storage--

beta prototype

The technologies developed in the objectives 2 and 3 above ,,_ill be u.c_d

to design and construct the second WotoU'pe. The use of NflM in.stead of

conventional modules should eliminate ",heneed to include filters in this

pn'_to_:'pe. "I'his advanced unit with thermal storage capability will tested in

the Stifling solar concentrator dish.

The time line for Plmse II re:,,_arch is outlined in the Ghant chart below:

hew Im pn_gt tam
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